Abstract Martensitic sheet steel is increasingly being used in advanced car body construction, especially in areas where high crash loads are expected. Using such steels appropriately the weight of individual components can be reduced by up to 20 percent. Martensitic steel sheet is commercially available in the strength range of 1200 to 1900 MPa, either as cold forming or hot stamping grade. Whereas the strength of such martensitic steels is practically only a function of the carbon content, other properties such as ductility, toughness, bendability and delayed cracking resistance are severely influenced by other alloying elements and the particular thermal processing route. The paper discusses the influence of various key-alloying elements such as Nb, Mo and B on these properties and suggests routes to optimize the steel's behavior with respect to the manufacturing and application related aspects.
Introduction
The continued optimization of car body design with regard to crash resistance and weight reduction has brought about a significant application of high strength steel in the used body components. While HSLA and dual phase (DP) steel count for the majority of these applications, some components require even higher strength. This holds especially for those areas in the body where deformation or collapse cannot be tolerated such as in the side structure, floor area, or bumper beam. In the side structure any intrusion into the passenger space should be minimized to reduce the risk of injuries. The most critical load cases are side crash or rollover. Therefore, structural components like the A-and B-pillar, the rocker and door reinforcement beams must be very strong. The floor area has mainly the task to redistribute crash loads in longitudinal and lateral direction without collapsing. Critical components are the tunnel as well as longitudinal and cross members. The bumper beam acts as a stiff barrier distributing the crash load into the longitudinal members in a controlled way. Thus excessive deformation or buckling of the bumper beam must be avoided. The traditional approach of body engineers is to use thicker gages of medium-high strength steels and or heavily reinforce components in the mentioned areas. As this approach is resulting in excessive weight and/or packaging problems, ultra-high strength steels allowing the use of thinner gage and the omission of reinforcements have been introduced over the recent decade. The amount of martensite in steel has a direct impact on the strength but also on the formability. Figure 1 indicates that the strength increases with the share of martensite whereas the elongation decreases. At a tensile strength of 1000 MPa martensite becomes the majority phase. Once the microstructure fully consists of martensite, further strength increase is possible by raising the carbon content. The elongation decreases relatively weakly in this case. A recently very popular method of producing martensitic components is the so-called hot-stamping or press-hardening. The steel is austenitized (at around 950°C), formed while the material is soft and subsequently quenched by rapid contact cooling when the die is closed. This technique overcomes the limited cold formability of as-delivered martensitic steel. Hot stamped steel components currently contribute between 5 to 10% of the total structural weight of cars. The trend however indicates a future use of 30 to 40% press hardening steel in the body structure at least in in some car models. One of the concerns with martensitic steels is their sensitivity to cracking particularly under impact and bending deformation as it occurs in crash situations [1] . Another problem is delayed cracking that has been observed to occur in ultra-high strength steels [2] . Optimizing the microstructure in an appropriate way can help reducing the sensitivity for cracking in martensitic steels. Some of the fundamental aspects of failure in martensite will be reviewed and guidelines for achieving property optimization will be given.
General alloy concepts and hardenability -Is boron microalloying really necessary?
Martensite is the hardest microstructure of steel. The hardness (strength) of fully quenched martensite increases nearly linearly with the carbon content over the range of up to 0.5%C (Fig. 2 ) [3] . Simultaneously, the start temperature of martensite transformation decreases with the carbon content. At lower carbon content self-tempering can occur under industrial quenching rates. Martensite is formed from austenite when the cooling speed is fast enough to prevent diffusioncontrolled transformation.
Alloying elements (B, Mn, Cr, Mo) are known to influence the phase fields in the CCT diagram as is exemplary shown for 22MnB5 in Figure 3 (a). Increased alloy content and particularly higher carbon content lowers the critical cooling speed for full martensitic transformation ( Fig. 3(b) ). If the objective is to generate full martensite, the cooling curve has to pass ahead of the bainite nose. Under this condition, the cooling curve cannot cross the ferrite field for the steels demonstrated in Figure 3 (b). Thus ferrite formation is safely avoided regardless whether boron is added or not. It is more important to have sufficient safety margin between the actual cooling curve, which in press hardening is determined by the die technology, and the bainite nose. Since the carbon content is fixed according to the desired strength level, the fine-tuning has to be done by Mn, Cr and Mo alloying. For higher carbon content the addition of these elements can be reduced. At lower carbon level increasing the Mn content would be the first choice to retard bainite formation for economic reasons. However, increasing Mn strongly promotes macro-segregation, which can have negative impact on the mechanical properties. Cr and Mo alloying are not critical in this respect.
The specific effect of boron is to obstruct ferrite nucleation. Therefore solute boron needs to segregate to the austenite grain boundary, which is a typical nucleation site for ferrite. To keep boron in solid solution boron nitride formation in austenite needs to be avoided. Therefore titanium is added since it is a much stronger nitride former than boron. The grain boundary segregation tendency of boron increases with lowering the austenite temperature. Since carbon also segregates to the austenite grain boundary, a high carbon x boron solubility product is reached locally. The solubility limit, however, decreases with austenite temperature. Consequently, formation of intermetallic Fe 23 (C,B) 6 particles precipitate on the grain boundary at lower austenite temperature. These grain boundary precipitates can be harmful to mechanical properties as will be discussed later. From that point of view it is worth considering omitting boron in alloys for press hardening steel. Omitting boron should not have a negative effect in terms of hardenability according to Figure 3 (b), particularly when thin sheet is processed with state-of-the-art press hardening technology.
Niobium microalloying to martensitic steel can have ambivalent effects. The major function of niobium is to refine the martensitic microstructure. This effect has to be achieved by refining the prior austenite grain size. A classic rule states that finer-grained austenite is more difficult to harden. This can be simply explained by the significantly enhanced total grain boundary area in refined austenite leading to a larger number of nucleation sites for ferrite. On the other hand, niobium present in solid solution can significantly retard ferrite formation. This is due to niobium lowering the diffusivity of carbon. However, in medium carbon steel like those considered for press hardening the solubility of Nb is rather low. Therefore, the net effect of Nb might still be a moderate acceleration of ferrite formation as is seen in Figure 3 (c). Yet, it is evident that this forward-shift of the ferrite nose does not conflict with the critical cooling curve necessary to obtain full martensite. 
Ductility of martensite -Higher elongation or better toughness?
Martensite is often considered as a type of steel lacking "ductility". Ductility is an elusive material property, which is sometimes rather connoted with high elongation and other times rather with good toughness. By nature full hard martensite has low elongation as suggested by Figure 1 . The initial high dislocation density and the lack of slip systems provides a high yield strength and limited work hardening range so that plastic instability according to the Considère criterion is reached very quickly. Improvement of elongation in martensite can be principally done by two means. One is tempering, the other is including a second softer phase providing more pronounced work hardening. In either case tensile strength is significantly reduced.
Although it is often believed that martensite is principally brittle, this is actually not entirely true. Like every bcc metal martensite does show ductile fracture at sufficiently high temperature. Transition to low toughness due to brittle fracture occurs at lower temperature (Fig. 4 ) [5] . In the ductile-to-brittle transition temperature range the fracture surface changes from a fully dimple type ( Fig. 5(a) ) to one exposing predominantly crystalline type ( Fig. 5(b) ) of fracture. In martensitic steel toughness in the ductile range is roughly inversely proportional to the yield strength, which increases with the carbon content. Ductile fracture is based on the nucleation, growth and joining of voids. Plastic deformation is involved leading to the formation of dimples seen in the fracture surface ( Fig. 5(a) ). Sources of such voids are particles of oxides, sulfides, nitrides and carbides. It is therefore necessary to reduce these particles in size and especially amount. Smaller and deeper dimples involve a higher amount of plastic deformation and hence stand for larger energy dissipation. Ultimately, in clean steel, voids are being generated at grain corners. A refined microstructure offers higher amount of grain corners and is thus a means of raising plateau energy in the ductile range (Fig. 6) . A stronger matrix resists plastic deformation and voids can grow more easily. Accordingly, unnecessarily high levels of solid solution strengtheners such as Mn and Si should be avoided. Alloying elements such as Cr and Mo having a small effect in this respect can be considered less critical.
Under unfavorable conditions brittle fracture occurs. Martensite (bcc Fe) normally fails by transcrystalline cleavage fracture on the {100}-lattice plane. The stress required for cleaving the lattice plane is a fundamental property of the material. With regard to yield strength increases, one can distinguish three cases as schematically shown in Figure 7 . Case A:
Low yield strength. Stress will be relieved before reaching cleavage stress.
Yield strength is approaching cleavage stress. Failure type will depend on metallurgical details as discussed below. Case C:
High yield strength. Steel fails without plastic deformation by brittle fracture. Particularly for case B a number of considerations have to be done. Temperature in bcc steel has an influence on yield strength. At lower temperature cross-slip of dislocations becomes more difficult and stress relief by plastic deformation is obstructed. Similarly, bcc steel behaves at increased deformation speed. Under such conditions yield strength can become larger than cleavage stress and fracture turns from ductile to brittle. On the other hand, the cleavage stress can become lower than the theoretical value when defects are present on the {100}-plane. Based on a modified Griffith theory the size of the defect lowers the critical fracture stress. Defects can originate from carbide precipitation (cementite) on the lattice plane. Estimates indicate that for martensitic steel the critical defect size is in the lower hundred-nanometer range. A crack can easily proceed on the {100}-plane. Propagation is obstructed by large-angle grain boundaries and when neighboring grains have different orientation to the acting major stress. Therefore grain refinement can be considered as an effective means of improving the material behavior. The impact of grain refinement on yield strength is weak in martensitic steel. Morris et al. have given a concise explanation why this leads to a lower DBTT as well [6] .
Yet, brittle failure can also occur by intergranular fracture. This is the case in martensite when prior austenite grain boundaries are weakened by segregation of impurities or by precipitation of particles. Such effects can lower the critical failure stress substantially causing unexpected cracking. Therefore it is very important to metallurgically prevent these phenomena as far as possible. More precisely that means lowering impurities such as P and N as well as avoiding precipitation of massive carbides on the boundary as for instance Fe 23 (B,C) 6 . Also heat treatments promoting grain boundary segregation should be avoided. For lowering the level of impurities there is a technical and also economic limit.
Beyond that grain refinement is always beneficial as the total grain boundary area will be enhanced and the specific concentration of grain boundary impurities will be reduced accordingly. Furthermore it is helpful to increase grain boundary cohesion. Studies of the electronic structures showed that its strong bonding capability makes Mo a cohesion enhancer for the Fe Σ3(111) grain-boundary [7] .
Tempering treatments -Making things better or worse?
Tempering treatment is a common practice to improve the "ductility" of as-quenched martensite.
During tempering a number of metallurgical effects take place as indicated in Figure 8 . Already at tempering temperatures in the range of 150-200°C effects are noticeable [3] . Medium carbon steels (C > 0.2%) show a strength decrease due to precipitation of ε-carbide while elongation marginally improves. Lower carbon steels (C < 0.2%) are less sensitive to strength loss. They actually can even exhibit a bake hardening effect. Tempering at temperatures above 200°C leads to a rapid strength decrease (Fig. 9) . Precipitation of rod-like cementite particles causes additionally losses of elongation as well as toughness ( Fig. 10-11 ) [8, 1] . At higher tempering temperatures cementite is spheroidized and ductility as well as toughness recover. High Si content obstructs cementite spherodization. Of particular interest with regard to the crash behavior is the minimum-bending radius that can be sustained without splitting. This important property deteriorates quickly with a tempering treatment showing the worst behavior after tempering at around 300°C (Fig. 10) . Therefore, tempering of martensitic steel for crash relevant automotive components in the temperature range of 200-400°C should be definitely avoided. On the other hand, a typical paintbaking treatment (180°C / 20 minutes) is not critical regarding the property profile required for good crash performance. Tempering at temperatures above 400°C leads to such dramatic strength loss so that for instance dual phase steel would represent a better alternative in first place. 
Hydrogen embrittlement -Myth or reality?
Diffusible hydrogen is considered to be responsible for hydrogen embrittlement of high strength steels. The relation between fracture stress and diffusible hydrogen content can be expressed by a power law [10] . Delayed cracking is markedly accelerated when pre-damage, residual and applied stress as well as diffusible hydrogen are present in the steel. Hydrogen diffuses into the fracture process zone at the tip of an existing defect ( Figure 12 ). Critical fracture stress (MPa)
Critical hydrogen concentration Optimization targets Figure 12 Degrading effect of diffusible hydrogen and concept of hydrogen trapping. Localized concentration of hydrogen reduces the cohesive lattice strength in the vicinity of the defect. Thereby the local diffusible hydrogen concentration can be significantly higher than the average content that is often measured by thermal desorption spectroscopy. The peak value of locally accumulated hydrogen concentration is related to the difference in hydrostatic stress at a defect site compared to the region away from the defect. The presence of diffusible hydrogen can manifest itself as an effect on a local stress or strain criterion for fracture. In the former case, local brittle fracture modes such as cleavage or intergranular fracture are expected, while for the latter, it will be a more ductile fracture, requiring large strains manifesting itself most likely by micro-void coalescence. There are expected to be many common elements of behavior between the two, and further, it is by no means necessary that the macroscopic fracture modes closely follow in appearance these local events. The second effect is the accumulation and recombination of hydrogen in the cavity of the defect. The hydrogen molecule has a low diffusivity and cannot escape from the cavity anymore. Thus internal pressure is building up adding to the existing stress collective by applied and residual stresses. By either one or a combination of these hydrogeninduced effects an initially sub-critical stress collective can thus turn into a super-critical one triggering crack growth. It then depends much on the microstructure and toughness of the material whether the expanding crack can be arrested. The deleterious action of hydrogen in martensitic steel has been clearly demonstrated by measuring the critical fracture stress in 1500MPa steel (22MnB5) upon hydrogen charging [11] . With increasing hydrogen uptake the critical fracture stress drops quickly to a very low level ( Figure 13) . Optimization of the steel would define two targets: 1. The level of critical hydrogen concentration leading to fracture stress drop should be increased. 2. The stress decrease under a given hydrogen level should be reduced as much as possible.
In this respect the concept of hydrogen trapping bears significant potential with regard to reducing the sensitivity of steel to hydrogen induced delayed cracking and has been proven useful in a number of applications. Different microstructures respond differently in presence of hydrogen depending on the phase constituents and their size, the internal and external stress state, the state of deformation, the existence of defects as well as the presence, size and shape of precipitates or particles. The traps themselves are characterized by their binding energy of hydrogen [12, 13, 14, 15] . Flat traps with binding energies of <20 kJ/mol can be discerned from deep traps with binding energies of >50 kJ/mol [13] . Grain boundaries, coherent precipitates, and dislocations form a class of reversible traps, which can only weakly bind to hydrogen at temperatures of interest. Incoherent precipitates, voids, etc., are much stronger, irreversible traps. It is the latter type of trap that appears most effective in modifying susceptibility for delayed cracking in the presence of hydrogen. Both improvement and degradation are possible depending on the shape, location and specific properties of the irreversible traps. However, reversible (weak) traps can also play an important role since they may strongly affect the kinetics of hydrogen transport. In particular, their presence can often reduce susceptibility by increasing the time necessary to reach some critical local hydrogen concentration [12] . Important exceptions are mobile dislocations, which carry hydrogen in their core or as Cottrell-type atmosphere. These mobile traps can transport hydrogen at a much faster rate than by lattice diffusion, and with a specificity of location that provides an efficient means of rapidly localizing the hydrogen concentration at strong microstructural traps [16] . If these are local failure centers embrittlement can be enhanced. There is evidence for the occurrence of this scenario in a number of alloy systems [17, 18] . Small sized incoherent and homogeneously distributed precipitates are ideal candidates for irreversible hydrogen trapping. Large, acutely shaped particles located at preferential cracking paths such as in interlath and prior austenite boundaries not only promote the accumulation of large local hydrogen concentrations but also do so in regions, which are often intrinsically more susceptible to brittleness than their surroundings. Enhanced embrittlement is expected in such cases, and has been indeed observed, particularly at large non-metallic inclusions [19, 20] . Grabke et al. [13] in detail investigated the binding energy of various typical carbide and nitride formers as flat traps and deep traps. The influence of the various carbide and nitride formers on the binding energy is of secondary importance as can be seen from the data shown in Table 1 . However, the compatibility of the precipitate forming element with the typical thermo-mechanical and annealing treatments in automotive sheet production in terms of providing a homogeneous distribution of fine, incoherent precipitates is a very important consideration. The specific position where the hydrogen trapping event occurs has been disputed. For a particletrapping site, the trapping position may be within the particle itself, at the particle-matrix interface and in the matrix surrounding the particle. For incoherent particles, the trapping position was reported to be at the matrix-particle interfaces [21] . For coherent particles, the high tensile stress fields in the matrix surrounding the particle may be more significant in hydrogen trapping depending on the level of coherency [22] . Hence for both cases the hydrogen trapping capacity is closely related to the total surface area of particles. Many small particles are favorable above few large particles. Besides a large particle can attract so much hydrogen that the critical limit may locally be exceeded.
Grain refinement in martensite -PAG, packet, lath?
It is well established that the mechanical properties of steels improve, as the grain size is refined. This principle is the basis for many of the thermal and thermo-mechanical processes used in the making of steel, and is the specific principle used in current research toward advanced high strength steels that combine excellent strength, toughness and hydrogen resistance at low cost. In martensite a prior austenite grain contains a very large number of discrete laths of dislocated structure. These are organized into packets, in which the laths share the same habit plane, and packets are often subdivided into blocks in which the parallel laths are the same crystallographic variant of the martensitic transformation. The lath boundaries are low-angle boundaries that do not impose significant crystallographic discontinuities (Fig. 14) . With regard to mechanical properties the relevant "effective" grain size has to be considered in Hall-Petch type relationships as described in Figure 15 [8] . Cell boundaries (low-angle) are effective barriers to dislocation movement, thus determining the yield strength. Intragranular cleavage fracture in lath martensitic steel occurs along {100} planes that cross many laths within a packet. The crack branches at high-angle packet boundaries where the orientation of the {100} planes changes. The effective grain size is accordingly the packet size. Often fracture surfaces show not a pure cleavage type but quasi-cleavage fracture. Quasi-cleavage fracture grows by the nucleation and growth of submerged cracks ahead of the advancing fracture front. The crack front advances in a stepwise manner as the voids in front of the fracture tip grow until coalescence takes place. The advance of a quasi-cleavage fracture crack through a martensitic structure is shown schematically in Figure 16 . The fracture is transgranular with respect to prior austenite grains and shows fractures characteristic of both true cleavage and plastic rupture. Firstly, extensive flat facets are seen on fracture surfaces and fracture profiles (sketched in Figure 16 ). The initiation of these facets is a feature of true crystalline cleavage as is the formation of 'steps' (points 'S' in Figure 16 ) during the growth of he facet. Secondly, tear ridges are also observed on the fractographs and are illustrated in Figure 16 at points marked 'T'. These are formed during the linking up of micro-cracks with the advancing fracture front. In this respect, quasi-cleavage resembles plastic rupture and dissipates accordingly more energy than true cleavage.
High-angle martensite packet boundary
Austenite grain boundary before quenching
Martensite lath boundary (low-angle) The coarse (globular) precipitates (Figure 7 ) seen ui the microstructure of most of the samples were presumably alloy car bides which had not been taken into solution during the austenitizing treatment. These were too widely dispersed to have any significant effect on the strength and toughness of the 
a ausformed -tempered for 1 hour at 600°C; thin foil (x 80000); b conventionally treated -tempered for 1 hour at 600®C; thin foil (x 80 000) 12 Ansformed and cofjuentioiiaJly treated martensite micro-void had grown across the width of several martensite units' (as shown in Figure 14) . The size to which a micro-void can grow depends partly on the work hardened state of the matrix, and so tlie number of voids required for the propaga tion of a fracture front will increase with an increase in the work liardencd condition of the matrix. This accounts very well for the relative sizes of dimples seen in Figure 5a a3id c.
As woul d be expected the di mpl es are finer i n the ausformed sampl e, whi ch, of course, i s i n a greater work hardened condi tion than the conventional martensite. The need to nucleate a l arger number of mi cro-voi ds to propagate the fracture woul d al so expl ai n qual i tati vel y the hi gher absorbed i mpact energy of tlie ausformed martensite relative to the conventional martensite.
13 Propagation of <juasi-ckauage fracture through a niartcnsitic structure (under tion-wjiform stress)
Mcchanical properties and microstructurc
The coarse (globular) precipitates ( Figure 7 ) seen ui the microstructure of most of the samples were presumably alloy car bides which had not been taken into solution during the austenitizing treatment. These were too widely dispersed to have any significant effect on the strength and toughness of the material.
Untempered
The very finely dispersed chromium carbides detected in the as-quenched, ausformed sampl e had probabl y been preci pi tated Hydrogen embrittlement appears to be a boundary phenomenon in martensitic steels. During intergranular propagation, hydrogen-induced fracture separates prior austenite grain boundaries ( Figure 17 ). Given that hydrogen embrittlement is essentially a boundary phenomenon, it is best overcome by refining to small prior austenite grain size (PAGS). Intragranular hydrogen induced fracture propagates primarily interfacially along martensite lath boundaries ( Figure 18 ). The effective grain size in this case is the length of semi-planar boundary segments. In lath martensitic steels the boundaries extend across the packet, so the effective grain size is the packet size [6, 23] . The packet size can never become larger than the PAGS. That means aiming for a particularly small PAGS is beneficial in terms of structural refinement of the martensite structure.
10 µm 10 µm Figure 17 Intergranular fracture after hydrogen charging in standard 22MnB5. Figure 18 Quasi-cleavage fracture after hydrogen charging in grain-refined 22MnB5.
Niobium microalloying for most efficient grain refinement
From the discussion before it is very evident that grain refinement is the major target in optimizing mechanical properties of martensitic steel. Considering the entire processing sequence of martensitic steel production the following steps have an influence on the PAGS:
• Reheating of the slab -austenite grain growth • Roughing rolling in the hot strip mill -austenite grain homogenization and moderate refinement • Finish hot rolling -austenite grain refinement depending on rolling schedule • Annealing after cold rolling -recrystallization and ferrite grain growth • Reheating before quenching induces austenite grain coarsening In all the above process steps finish hot rolling is the one that allows achieving the largest grain size reduction provided the rolling conditions are adapted. In all subsequent steps grain coarsening can only be obstructed but further grain refinement can actually not be achieved. Current hot rolling practice in the production of press hardening steel is typically applying an uncontrolled rolling schedule, which is focusing rather on high productivity but not on austenite conditioning resulting in grain refinement. The means of installing grain refinement during finish rolling are well established from the production of HSLA steels and require a reduced finish entry temperature in combination with Nb microalloying that effectively prevents recrystallization of austenite [24] . Increasing the addition of Nb raises the temperature of recrystallization delay and accordingly allows higher finish entry temperature. By adding around 0.06%Nb a good compromise between productivity (finish rolling run-in temperature) and the degree of grain refinement can be achieved. Co-addition of Mo further delays recrystallization and thus supports the effect of Nb providing a fine-grained microstructure in hot-strip which will automatically create finer microstructure in the cold rolled strip provided the process conditions are the same for cold rolling, annealing and hardening. Nb precipitates formed during hot rolling as well as in-situ formed precipitates during the reheating process before hot stamping are stable and have the capability to pin the austenite grain boundary preventing grain coarsening. By increasing the Nb content in martensitic steel the grain size of prior austenite decreases (Fig. 19 ) and the Charpy energy (USE) increases (Fig. 20) . The toughness enhancing effect of PAGS refinement is applicable at any strength (hardness) level. 
Molybdenum alloying for stronger grain boundaries
The addition of Mo to steels susceptible to phosphorous induced embrittlement is beneficial for two independent reasons, namely that both the segregation of P and its embrittling effect are reduced. The segregated Mo increases the intrinsic cohesion of the boundaries, independently of the presence of phosphorus atoms [7, 25] . Dissolved intergranular Mo was claimed to inhibit the segregation of phosphorus by scavenging it in the grain interior, where P may be tied up in the form of Mo-rich phosphides or Mo-Fe-P clusters [26] . It also appears that, in agreement with the co-segregation theory, the segregation of Mo is enhanced by that of P through the attractive Mo-P interaction. Even though the segregation of Mo may occur only in association with the detrimental one of P, molybdenum unambiguously obstructs grain boundary embrittlement as Mo increases the intrinsic grain boundary cohesion. Experiments have demonstrated, that Mo addition to Q&T steels reduces temper embrittlement and also increases the resistance of martensitic steel against stress-corrosion cracking [25, 27] . The Mo-P interaction in the intergranular embrittlement of Fe is fairly well studied experimentally, the evidence indicating that grain boundary co-segregation of Mo and P results in a reduction of embrittlement. However, this apparent increased embrittlement potency of P in the presence of Mo is found to be more than compensated by the direct cohesion enhancing effect of Mo. Hence the attraction of Mo to the GB by segregated P will overall enhance boundary cohesion.
Boron and carbon also segregate to the austenite grain boundary and compete with phosphorous for available sites. In high strength (P-alloyed) IF steels, where no free carbon is available, boron is thus added to avoid secondary cold work embrittlement by P segregation to the boundary. In martensitic B-alloyed steels carbon is present in the grain boundary and can form Fe 23 (C,B) 6 precipitates when their local concentration is sufficiently high. This leads to a loss of free boron, which is then not available to reduce the critical cooling rate. The tying-up of B and C in the grain boundary also provides free sites that can be occupied by P. Both effects are negative in terms of crack initiation and propagation. Furthermore, Fe 23 (C,B) 6 precipitates can attract hydrogen to the grain boundary being a preferred crack propagation site and P simultaneously embrittles the boundary. It is known however that Mo reduces the activity of C and thus grain boundary segregation of C is retarded. This also delays the precipitation of Fe 23 (C,B) 6 leaving more free B available for hardenability. The effect manifests itself as a better hardenability for Mo-B co-added steels. At higher temperature in the austenite range Mo is assumed forming Mo-C clusters reducing the mobility of C [28] .
Conclusions
Martensitic steel tends showing brittle failure mechanisms with increasing strength particularly under increased strain rate, lower temperature or corrosive environment. The use of martensitic steel became highly relevant to car body engineering, especially in areas where intrusion by highspeed impact loading during a crash should be avoided. Accordingly the steel is demanded to have good ductility. It was demonstrated that ductility does not have an unambiguous definition. However, the properties needed in automotive body applications are ductile fracture behavior, high energy absorption capability and resistance against hydrogen embrittlement over the entire temperature range of operation. It was demonstrated that microstructural refinement being mainly related to the austenite grain size prior to quenching is the key approach to improve all these properties. Furthermore, reinforcement of the grain boundary cohesion and dispersion of nano-sized precipitates are additional metallurgical means of improving martensitic steel. All these effects can be achieved by alloying of niobium and molybdenum in combination with optimized thermomechanical processing. Laboratory simulations as well as full-scale industrial trials have already been performed proving the effectiveness of the described approach.
